Aim: We aimed to assess the association between furcation involvement (FI) and tooth loss for subjects not undergoing regular periodontal treatment.
| INTRODUCTION
In multirooted teeth, the alveolar bone loss associated with destructive periodontal disease can lead to furcation involvement (FI). The furcation region has specific anatomical characteristics including presence of grooves, furcation ridges and enamel projections (Al-Shammari, Kazor, & Wang, 2001; Lim et al., 2016) , with consequent difficulties in self-performed and professional plaque removal (Fleischer, Mellonig, Brayer, Gray, & Barnett, 1989) . Therefore, it is reasonable to expect a higher risk of periodontal disease progression for molars with FI, even in periodontally treated cohorts (Graetz et al., 2015; Hirschfeld & Wasserman, 1978; König, Plagmann, Rühling, & Kocher, 2002; Salvi et al., 2014) . However, only a few studies have systematically assessed this question and the magnitude of such risk.
A recent systematic review pointed out that FI increases the risk of tooth loss in patients undergoing supportive periodontal care . However, most molars were retained long term, even in presence of degree II or III FI. Little is known about periodontal disease progression and tooth loss in populations not undergoing specific periodontal therapy. In 1982, Bjorn & Hjort published radiographic data from a longitudinal study on a sample of 221 staff members of a Swedish industrial company not undergoing specific periodontal treatment, originally examined in 1965 and then re-examined in 1978 (Bjorn & Hjort, 1982) . Only 1.1%-2.7% of the molars had progressive bone loss affecting more than 50% of the distance vertex to apex, and the mean bone loss in furcation increased from 18% to 32% in 13 years.
During the follow-up period, 9% of molars were lost, although only 2.5% were estimated to have been lost due to progressive FI.
Thus, the aim of this study was to assess the association between furcation involvement and molar loss in subjects with an 11-year follow-up from the Study of Health in Pomerania (SHIP). In addition, progression of mean clinical attachment levels and probing pocket depths in sites with and without FI was quantified to complete the picture on periodontal progression in molars.
| MATERIALS AND METHODS

| Study design and sample
The Study of Health in Pomerania (SHIP) is a longitudinal populationbased medical-dental health survey of German Caucasian adults aged 20 to 81 years (Hensel et al., 2003; John et al., 2001 ). Participants were living in the north-eastern area of West Pomerania. Approved by the local ethics committees, SHIP-0 data collection was performed from 1997 to 2001, and so far there have been two follow-ups after 5 years (SHIP-1: 2002 (SHIP-1: -2006 and after 11 years (SHIP-2: 2008 (SHIP-2: -2012 .
Participants were randomly drawn from official resident data files proportional to the population size of each community, stratified by age and gender. A total of 6262 adults were invited to participate in SHIP-0, 4308 of whom were examined, corresponding to a response rate of 68.8%. A total of 2333 individuals attended the examinations for SHIP-2 data collection. Data collection consisted of four parts: (i) oral health examination, (ii) medical examination, (iii) health related interview and (iv) a health-and risk factor-related interview.
For the purpose of data analysis, databases from SHIP-0 and SHIP-2 were merged, leaving 2333 subjects who had attended both examinations. Of those, 2297 subjects had dental examinations in both surveys. Among 2050 subjects with at least one molar (first or second molar) at baseline, 1927 subjects had furcation assessments for at least one site for either mandibular and/or maxillary molars (1585 mandibular and 1734 maxillary molars). Twenty-six subjects were excluded because of missing molar status in SHIP-2, leaving 1901 subjects. Of those, four subjects did not provide complete covariate data, leaving 1897 subjects with at least one furcation assessment and complete covariate information for analyses (1560 mandibular and 1707 maxillary molars). For additional analyses evaluating the mid-buccal furcation involvement only, 1894 subjects with 1558 mandibular and 1697 maxillary molars were included.
| Oral examination
In SHIP-0, oral examinations were conducted in rotation by five trained, calibrated and licensed dentists as previously described (Hensel et al., 2003) . Periodontal examinations were performed according to the half-mouth method at four sites per tooth (distobuccal-mid-buccal-mesiobuccal-mid-lingual/mid-palatal) and included measures of probing pocket depth (PPD) and clinical attachment level (CAL). A periodontal probe was used (PCP-11, Hu-Friedy, Chicago, IL, USA). PPD was measured as the distance between free gingival margin and base of the pocket identified by probing with gentle pressure. CAL equals the distance between the cementoenamel junction and the pocket base. Where the determination of the cementoenamel junction was indistinct (e.g. wedge-shaped defects, fillings or crown margins), CAL was not recorded. Measurements were mathematically rounded to the nearest millimetre. Calibration exercises were performed during the course of both studies. On tooth level, i) PPD and CAL at the mid-buccal site only were considered, ii) PPD and CAL levels were averaged over two (mandible; mesiobuccal, distobuccal) or three non-furcated sites (maxilla; mesiobuccal, distobuccal, mid-palatal) or iii) PPD and CAL levels were averaged over all four sites (mesiobuccal, mid-buccal, distobuccal, midlingual/mid-palatal) . On subject level, mean PPD and mean CAL were determined using all sites from all present teeth (56 sites at maximum).
Further, subjects were classified according to the Centers for Disease Control and Prevention/American Academy of Periodontology (CDC/ AAP) case definition (Page & Eke, 2007) .
Furcation involvement (FI) was assessed for the first molar in probed quadrants. In the absence of the first molar, the adjacent second molar was measured instead. Therefore, furcation measurements relative to one maxillary and one mandibular molar per patient were recorded. Horizontal furcation depth was recorded with a straight PCP-11 probe, which was inserted into the furcation and aligned as parallel to the occlusal plane as possible. Upper molar furcations were probed from the mid-buccal and mesiopalatal entrances (distal furcations were not measured), while on lower molars furcations were probed from both the mid-lingual and mid-buccal aspects. Presence and degree of FI were assessed as follows: 0 (furcation entrance not accessible), I (furcation entrance accessible), II (horizontal probe penetration 3-8 mm), III (horizontal probe penetration ≥8 mm). For each molar, the worst furcation grade and the
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mid-buccal furcation grade were used for analyses, resulting in (at maximum) one FI value for the maxilla and one for the mandible for each subject. Furcation grade II and III were grouped for analysis, owing to the small number of grade III FI. At SHIP-2 visits, presence or absence of the examined teeth (molar loss), but not FI was assessed.
| Covariates
In computer-assisted interviews, sociodemographic and behavioural risk factors were assessed. School education was categorized as <10, 10 or >10 years of schooling according to the East German three-level school system. Self-reported smoking was defined as current, former or never smoking. Diabetes mellitus was defined as self-reported physician's diagnosis or antidiabetic treatment (Anatomical Therapeutic Chemical Classification System [ATC] code A10) or non-fasting glucose levels ≥11.1 mmol/L or glycated haemoglobin (HbA1c) concentrations ≥48 mmol/mol (Adamu, 2011) . Body height and body weight were measured using balance and height-measuring devices purchased from Soehnle (Murrhardt, Germany). Body weight and height were measured to the nearest 0.10 kg and 1 cm, respectively. The body mass index (BMI) was calculated as weight/(height) 2 and catego- 
| Statistical analysis
The main outcome of this analysis was tooth loss for molars with furcation assessment at baseline. If PPD and CAL measurements were available, respective baseline (no restriction of measurement sites) and progression data (restricting measurement sites to those with repeated measurements at baseline and SHIP-2) were presented, also stratified by baseline FI.
Chi-squared tests and Mann-Whitney U tests were applied to compare distributions of categorical and continuous variables, respectively, between retained and lost molars. Kruskal-Wallis tests were used to detect differences in continuous variables across FI categories.
For molar loss, incidence rates within FI categories (worst and mid-buccal FI) were calculated without consideration of clustering within subjects. Accordingly, incidence rate ratios (IRRs) with 95% confidence intervals (CIs) were calculated. Multilevel Poisson regression analyses (with robust variance estimation) were applied to evaluate risk of molar loss according to worst FI on tooth level, considering the clustering of molars (one per jaw) within subjects via random effects. A subanalysis was performed using the mid-buccal FI model (rather than worst FI) to reduce the potential bias due to measurement errors related to the use of a straight rigid probe. Models were adjusted for age, gender, smoking, diabetes, BMI, dental visits and school education at baseline. Logarithmized follow-up time was included as an offset variable. IRRs with 95% CIs were reported.
Analyses were conducted with Stata/SE 14.1 (StataCorp 2015) . The level of statistical significance was set at 5%.
| RESULTS
The demographic and clinical characteristics of the 1897 subjects included in the final analysis are reported in Multilevel Poisson regression analysis ( T A B L E 1 Characteristics of study subjects in total (n = 1897) and according to the number of lost molars without furcation involvement at baseline. IRRs for degree I and degree II+III were similar if mid-buccal FI was considered (1.74 and 3.45, respectively). The adjusted IRR for any FI (I, II or III) versus no FI was 2.17 (95% CI=1.71-2.75) for "worst" furcation and 2.01 (95% CI=1.62-2.49) for "mid-buccal" furcation (not reported in tables).
Twenty-eight percent of subjects reported having had some form of "gum treatment" throughout the course of the observational period. A separate analysis was performed on the remaining "untreated"
72% (Supplemental Tables 1 and 2). In this subgroup, multilevel
Poisson regression analysis revealed that degree I FI ("worst furcation" 
| DISCUSSION
The analysis presented in this paper produces perhaps the best evidence so far for the increased risk of tooth loss due to furcation involvement in molars of subjects without regular periodontal therapy.
A total of 1897 subjects attending the SHIP study in Germany had furcation involvement (FI) measured at baseline in two molars with reassessments of tooth status 11 years later (SHIP-2). At the 11-year follow-up, approximately 18.3% of molars with FI had been lost. The diagnosis of FI at baseline was associated with subsequent molar loss.
The percentage of molar loss increased gradually for degree I (13.5%
for upper and 11.8% for lower molars), degree II (34.8% for upper and 32.9% for lower molars) and degree III FI (53.3% for upper and 60.0% for lower molars). Twenty-eight percent of subjects reported having had some form of "gum treatment" throughout the course of the observational period, although no details are available about type and length of such treatment. However, self-reported "gum treatment" needs to be interpreted with caution, as patient understanding may actually differ from what actually constitutes standard periodontal treatment (Deinzer, Micheelis, Granrath, & Hoffmann, 2009 ).
Interestingly, a higher molar loss rate was detected among patients who underwent "gum treatment." The risk of molar loss attributable to furcation involvement in the subgroup of participants with no gum treatment was consistent with the overall group.
F I G U R E 1 Eleven-year periodontal progression of (a) pocket probing depth and (b) clinical attachment level according to furcation grade in mandible and maxilla (restricted to remaining teeth with two periodontal assessments). Pocket probing depth (PPD) and clinical attachment level (CAL) progression is also provided for nonfurcated sites. Results from Kruskal-Wallis test for differences in change (Δ) across furcation grade categories were as follows: p = .002 for PPD (maxillary) and p = .003 for PPD (mandibular); p = .27 for CAL (maxillary) and p = .12 for CAL (mandibular)
The percentage of tooth loss in this study was higher than a previous study, which assessed tooth loss in teeth with furcation involvement and no regular supportive periodontal therapy (SPT) (Bjorn & Hjort, 1982) . In the latter study, after a 13-year follow-up of 221 subjects, 9% of molars with FI were lost, compared with approximately 18% in the present study. A direct comparison on reasons for extraction is not feasible as only 2.5% of molars were estimated to have been lost due to progressive FI in the Bjorn & Hjort study (Bjorn & Hjort, 1982) , while reasons for tooth loss were not recorded in the present study.
Previous studies on patients undergoing periodontal treatment reported a 43-100% survival for molars with FI after a follow-up of 5 to 53 years (Checchi, Montevecchi, Gatto, & Trombelli, 2002; Dannewitz, Krieger, Husing, & Eickholz, 2006; Dannewitz et al., 2016; Goldman, Ross, & Goteiner, 1986; Graetz et al., 2015; Hirschfeld & Wasserman, 1978; McFall, 1982; McGuire & Nunn, 1996; Miller, McEntire, Marlow, & Gellin, 2014; Pretzl, Kaltschmitt, Kim, Reitmeir, & Eickholz, 2008; Salvi et al., 2014; Wang, Burgett, Shyr, & Ramfjord, 1994; Wood, Greco, & McFall, 1989) . The overall risk of molar tooth loss attributable to furcation involvement has been estimated to be 1.53 for studies up to 10 years of follow-up in a recent systematic review (OR=2.71
for studies with 10-15 years follow-up) . In the present study, the adjusted IRR due to FI was similar (overall 2.17 for worst FI). The tooth loss percentage in the present study for molars without FI (5.2% and 6.7%, respectively, for maxillary and mandibular molars) compares favourably with the tooth loss of molars without FI in periodontitis patients with similar follow-ups, such as 9.7% (Pretzl et al., 2008) and 9.3% (Salvi et al., 2014) . In other words, the absence of periodontal therapy affected the risk of tooth loss for molars with FI, but not for molars without FI at baseline (mostly belonging to patients without periodontitis). To further support this, the molar loss for subjects diagnosed with periodontitis in the present study was much higher than that of subjects without periodontitis (8.9% of subjects with no/mild periodontitis, 22.6% of subjects with moderate periodontitis and 47.3% of subjects with severe periodontitis lost at least one molar during the follow-up period; see Table 1 ), suggesting that progression of periodontitis probably accounted for a large percentage of reasons for tooth loss. It is also important to mention that FI per se may have represented a reason for tooth loss even in some asymptomatic cases, as judged by the treating general dental practitioner. This stresses the importance of defining the difference between "tooth loss" and "extraction" and the reason for the latter in future studies.
Furthermore, the degree of FI seems to have had a much higher impact on molar loss in the present study than in previous studies on periodontitis patients in SPT with the same length of follow-up (McGuire & Nunn, 1996) or with longer follow-ups (Graetz et al., 2015; Johansson, Johansson, & Ravald, 2013; Salvi et al., 2014) . This is again not surpris- 
T A B L E 4 Results from Multilevel
Poisson regression models for the mid-buccal furcation (left) and the worst furcation (right) considering clustering of molars/jaws within subjects 11-year follow-up period in the present study (p < .001). In the present study, degree I FI was associated with a 1.73 IRR (95% CI=1.34-2.23, p < .001) of molar loss while degree II-III was associated with a 3.88 IRR (95% CI=2.94-5.11, p < .001) of molar loss compared to molars without furcation involvement at baseline. The IRRs for participants with no history of "gum treatment" in this cohort were, respectively, 1.60 and 3.55 for degree I and II and degree III combined. As well as furcation grade, also initial PPD and CAL were associated with subsequent molar loss. In other words, molars which were extracted during the follow-up period had worse PPD and CAL and then retained molars at baseline, both at furcated and non-furcated sites, showing the predictive effect of disease severity on further periodontal progression (Claffey & Egelberg, 1995; Dopico, Nibali, & Donos, 2016) .
It is important to mention that half of the subjects included in this study had periodontitis at baseline (34.8% were diagnosed with moderate periodontitis and 14.9% with severe periodontitis) (Page & Eke, 2007) . This might explain the relatively high molar loss rates especially for teeth with FI. In fact, tooth loss rates irrespective of furcation involvement were higher in the subjects diagnosed with periodontitis at baseline. However, this prevalence of periodontitis is similar to what could be expected in the general population (Kassebaum et al., 2014) .
Interestingly, 92.0% and 92.8% of them attended a dentist regularly at baseline and SHIP-2, respectively, and 28% reported having had some form of "gum treatment" during the observational period.
The main strength of this study lies in the large sample size and in the analysis of a population not undergoing regular periodontal therapy (most of them not undergoing any periodontal therapy). The limitations of this study include the missing information on subjects seen at SHIP-0 and not reassessed at SHIP-2 and on molars whose furcation involvement could not be measured for various reasons and the lack of information on reasons for tooth loss. Furthermore, both the use of a straight PCP-11 for FI diagnosis and the lack of measurement of the upper distal furcation involvements may have led to an underestimation of furcation involvement (Eickholz & Kim, 1998) . To reduce the influence of the missing distal FI measurements, two different analyses were conducted: one including the "worst" furcation per tooth and one including only the mid-buccal sites, showing similar overall results. The lack of separate horizontal and vertical CAL levels may be considered a limitation.
In conclusion, this study produces evidence that furcation involvement increases the risk of molar loss in subjects not undergoing regular periodontal care. The risk was particularly high for subjects diagnosed with periodontitis. Furthermore, it suggests that increasing degrees of FI determine a relative increase in the risk of molar loss and, by comparison with studies on patients undergoing SPT, indirectly emphasize the importance of periodontal treatment for reducing the impact of FI on tooth loss.
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